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Bacterial antimicrobial resistance (AMR) is a severe threat to global health and development. Under the
stimulation of antibiotics, bacterial cells can undergo filamentation and generate daughter cells with
stronger AMR. The current research on bacterial AMR mechanism is mainly conducted with a population
of cells. However, bacterial cells exhibit heteroresistance, making the study at population level not reli-
able. Herein, we developed single bacterial cell metabolic profiling by mass spectrometry (MS) to study
bacterial AMR at single-cell level. By utilizing a microprobe controlled by a microoperation platform, sin-
gle filamentous extended spectrum beta-lactamase (ESBL) producing Escherichia coli (ESBL-E. coli) cells
generated by ceftriaxone sodium stimulation can be extracted and spray-ionized for MS analysis. Hetero-
geneous among ESBL-E. coli cells under the same antibiotic stimulus condition was observed from mass
spectra as well as cell morphology. The metabolic profiles by MS of different individual cells can be clus-
tered into subgroups well in accordance with bacterial cell length. Metabolic pathways including arginine
and proline metabolism, as well as cysteine and methionine metabolism were disclosed to play an im-
portant role in the bacterial SOS-associated filamentation against antibiotics. The microprobe electrospray
ionization-MS-based single bacterial cell analysis method is promising in the study of various bacterial

AMR mechanism and can reveal the heterogeneity of bacterial AMR from-cell-to-cell.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bacterial antimicrobial resistance (AMR) is an emerging serious
problem threatening public health. The minimum number of
infections caused by drug-resistant bacteria annually in the United
States (U.S.) increased from 2 million in 2013 to 2.8 million in 2019
[1,2]. Extended spectrum beta-lactamase (ESBL) producing bacteria
are one of the common antibiotic-resistant bacteria known as su-
perbugs that synthesize enzymes to protect themselves against a
number of beta-lactam antibiotics. ESBL-producing Enterobacterales
caused 197,400 estimated cases in hospitalized patients and 9100
estimated deaths in 2017 in the U.S. [2]. The rapid development
of bacterial AMR has called the urgent demand of developing
new antibiotic drugs [3]. Studying the mechanism of bacterial
AMR can provide theoretical basis for the development of new
bacterial inhibition methods. To data, the current research on
bacterial AMR mechanism is mainly performed with a population
of cells [4,5]. However, bacterial cells are highly heterogeneous
and usually display different resistance to antibiotics even when
they are from the same microbial community and the same strain
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[6], making the bacterial AMR study at the population level not
reliable.

Bacterial cells can generate SOS responses to defend against
antibiotic drugs. Morphological change is one of the SOS responses
[7]. Justice et al. reported that bacterial filamentation occurs when
bacteria are exposed to beta-lactam antibiotics, and bacterial cells
can survive until the antibiotics are diluted or inactivated [8]. Bos
et al. found that E. coli cells can change their shape into filaments
under the perturbation of sub-minimum inhibitory concentra-
tion (MIC) of ciprofloxacin, and the elongated bacterial cells can
produce daughter cells with stronger AMR [9]. Banerjee et al
discovered that bacterial morphological changes can reduce the
bacterial uptake of antibiotics and is a feedback strategy for bacte-
ria to adapt to stressful environments [10]. In our previous work,
we have combined matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) and gradient
microfluidics to study the morphological changes of various bacte-
ria under the impact of antibiotics and the corresponding protein
expression changes. We observed that different individual cells can
show distinctive morphological changes under the same antibiotic
impaction environment. To better understand the bacterial AMR
generated from the bacterial SOS responses, it is necessary to
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Fig. 1. (a) Schematic illustration of single bacterial cell analysis by probe ESI-MS.
(b) A single bacterial cell pneumatic extraction by a microprobe under the control
of a microoperation platform. (c) Five axes (x, y, z, r, t) of the microoperation plat-
form (r: angle, t: microprobe direction).

characterize the in-vivo metabolic changes of the bacterial cells at
single-cell level.

Techniques, such as microscopy, flow cytometry, and single
cell PCR, have been widely used to study cells at single-cell
level [11], and can be integrated with microfluidics to achieve
high-throughput analysis and to reduce experimental operations
[12,13]. However, these techniques are based on the knowledge
of target molecules. In contrast, mass spectrometry (MS) can
realize non-targeted molecular analysis for the discovery of new
biomarkers. In the past few years, MS-based methods, such as
mass-cytometry [14], capillary electrophoresis-trapped ion mo-
bility MS [15], capillary dielectric barrier discharge ionization MS
[16], have been developed for single-cell analysis [17]. Among
various MS-based single cell analysis methods, probe electrospray
ionization (ESI)-MS is most often used for single cell metabolic
profiling, with the advantages of improved detection sensitivity,
reduced interference to metabolite distribution during sampling,
and simplified equipment [18]. Since the initial work by Gong et
al. [18], a variety of single-cell analysis based on probe ESI-MS
have been developed at cellular [19,20] and subcellular [21,22]
level. Despite the rapid development of single cell MS analysis,
there are few studies on single bacterial cell analysis by MS to
date. Zhang et al. utilized the nanopore effect to measure bacterial
cell size and further achieved bacterial identification by combining
the nanopore effect and the mass spectrometry analysis [23].

In this study, we developed single bacterial cell profiling by
MS to study the metabolic regulation during antibiotics-induced
bacterial filamentation. The single bacterial cell MS analysis was
performed with a microprobe ESI-MS method, as illustrated in
Fig. 1a. Under the control of a microoperation platform, a single
filamentous ESBL-producing Escherichia coli (ESBL-E. coli) cell gen-
erated under antibiotic stimulation was pneumatically extracted
into a microprobe with the tip size of 3~5um inner diameter
(Figs. 1b and c, Fig. S1 in Supporting information). Then, an Ag
wire was inserted into the microprobe from the rear to initiate ESI
of the whole bacterial cell under the application of a direct cur-
rent (DC) high voltage, which can assist in cell lysis and ionization
[14,24]. The analysis of single bacterial cell by mass spectrometry
was performed immediately after the cell extraction to avoid any
changes compared to the observed cell morphology. The Ag wire
was placed close to but not in contact with the sample to reduce
dead volume, as well as to avoid surface adsorption of molecules
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Fig. 2. A single ESBL-E. coli cell extracted by a microprobe: (a) before extraction,
(b) after extraction (red arow: target cell; blue arrow: other cells; scale bar: 10 um).
(c) Mass spectra of a single ESBL-E. coli cell and ultrapure water.

and hence sensitivity loss [25]. To study the stability and repro-
ducibility of the microprobe ESI-MS method, we collected 24 mass
spectra of bacterial intracellular metabolites (Fig. S2 in Supporting
information) and calculate the cosine correlation distribution
between any two mass spectra. The bacterial intracellular metabo-
lites were extracted from a population of bacterial cells as detailed
in supporting information experimental section. All the cosine
correlation was larger than 0.9 and the median was larger than
0.97 (Fig. S3 in Supporting information), demonstrating a high
stability and reproducibility of the analysis platform. We used the
bacterial intracellular metabolites as a benchmark sample because
it was highly similar to the analytes of single-cell MS analysis
and can avoid the cell-to-cell heterogeneity for reproducibility
evaluation.

A single filamentous bacterial cell was extracted by a micro-
probe under the observation of an optical microscope, as shown
in Figs. 2a and b. By comparing the mass spectra of the single
bacterial cell to the background from ultrapure water, mass spec-
tral peaks specific to the ESBL-E. coli cell could be detected as
shown in Fig. 2c. The peaks specific to the ESBL-E. coli cell were
mainly located within the m/z range of 100-200, which could be
attributed to intracellular metabolites. The result demonstrated
that the microprobe ESI-MS-based method can detect metabolites
from a single bacterial cell. There were also intensive peaks (m/z
279, 294, 327 etc.) observed from the background of ultrapure
water, which could be contaminants from atmosphere and in the
operation system. For example, the peak at m/z=279 could be the
plasticizer dibutylphthalate according to previous publication [26].

In order to study the metabolic change during bacterial fila-
mentation, we analyzed single ESBL-E. coli cells cultured with CEF
for 2h (2h group) and 5h (5h group) by the microprobe ESI-MS.
Mass spectra (m/z 50-800) of single elongated cells were recorded
(Fig. S4 in Supporting information). Features were extracted from
the raw MS data. Statistical analyses, including PCA (Fig. 3a) and
cluster analysis (Fig. 3b), were performed on the extracted fea-
tures. Normalization was performed by the sum of all the features.
It was found that the mass spectral features from the 2h and the
5h groups could be well clustered into two discriminative groups,
indicating that the metabolic status was significantly changed
during bacterial elongation under the antibiotic stimulation. Ac-
cording to volcano plot, 123 features with significant regulation
(fold change > 1.5 or < 0.66 and P-value < 0.05) were found
between the 2h group and the 5h group (Fig. 3c).
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Fig. 3. (a) PCA, (b) cluster analysis and (c) volcano plot of the mass spectral fea-
tures from single ESBL-E. coli cells stimulated by CEF for 2h and 5h (5 replicates
each). (d) The length distribution of single ESBL-E. coli cells stimulated by CEF for
2h and 5h. The Z-score is measured in terms of standard deviations from the mean,
representing the distance between the intensity value of a feature in one cell from
the mean intensity value of the feature of all the 10 cells.

Although the bacterial cells with different periods of antibiotic
stimulation could be well clustered into two groups, heterogeneous
among the bacterial cells with the same period of antibiotic stim-
ulation was observed from the mass spectral features (Figs. 3a and
b, Fig. S4 in Supporting information) as well as the cell morphol-
ogy (Fig. 3d and Fig. S5 in Supporting information). The length of
the bacterial cells in the 2 h group varied from 14.1 pm to 42.6 um;
while those in the 5 h group varied from 67.5pum to 119.7 um (Fig.
3d). In general, the bacterial cells in the 5 h group were longer
than the ones in the 2 h group, which could be on account of the
discrimination of the mass spectra features of the two groups.

From the significant features, 11 metabolites were identi-
fied by comparing the single cell features to the metabolites
identified from a population of ESBL-E. coli cells by untargeted
metabolomics (Fig. S4 and Data S1 in Supporting information)
with MS/MS validation, including ADP-ribose, 3-sulfinylpyruvate,
serine, gamma-glu-GABA, proline, L-hydroxyarginine, pantothenate,
sorbitol 6-phosphate, dephospho-CoA, histidine and NAD+ (Table
S1 in Supporting information). Details about the identification of
the features can be found in Supporting information experimental
section. All the 11 identified metabolites were labelled in the
volcano plot to express their variation tendency visually (Fig. S6
in Supporting information). Except proline and histidine, all the
other metabolites in the 5h group were up-regulated compared to
the 2h group (Fig. 4a). The 11 differential metabolites were then
subjected to pathway enrichment using BioCyc. It was found that
metabolic changes mainly occurred on amino acid degradation,
serine biosynthesis, proline degradation, putrescine degradation,
CoA biosynthesis, etc., as shown in Fig. 4b. Amino acids are vital
biomolecules for bacterial cells which provide nutrients, control
many biological functions and are of great significance in the
development of AMR [27]. Putrescine metabolism is relevant to
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biofilm formation [28] and AMR communication [29]. CoA is an
essential cofactor for bacterial cell growth and involved in many
metabolic reactions [30]. The fluctuation of these metabolism
pathways was due to the disturbance caused by antibiotics.

Yao et al. observed that the killing of E. coli by beta-lactam
antibiotic drugs experiences four steps, ie., elongation, bulge
formation, bulge stagnation and lysis [31]. Nevertheless, metabolic
status of bacterial cells with different morphologies is still poorly
understood. In order to study the correlation between bacterial
cell length and metabolic status, we divided 15 filamentous bac-
terial cells into five groups on the basis of length, i.e., 0-25um,
25-45pm, 45-60pm, 60-80um, 80-120um (Fig. S5 and Table S2
in Supporting information). According to PCA (Fig. 5a), the mass
spectral features of the bacterial cells can be well clustered into
five discriminative groups in correlation with the bacterial cell
length, indicating that the entire metabolic status of ESBL-E. coli
was perturbed as the length changing. Cluster analysis based on
8 among the 11 metabolites with significant variations between
the 2h and the 5h groups can divide single bacterial cells into the
five groups in terms of length (Fig. 5b), demonstrating that the 8
metabolites were of significance during the bacterial elongation
induced by antibiotic stimulation.

Correlation between bacterial cell length and the relative
abundance of the 8 metabolites are shown in Fig. 5c and Fig.
S7 (Supporting information). The relative abundance of gamma-
glu-GABA, 3-sulfinylpyruvate, L-hydroxyarginine and serine were
generally up-regulated with the bacterial cell length increasing.
When the bacterial cell length reached 80 pm, the relative abun-
dance of gamma-glu-GABA and 3-sulfinylpyruvate kept steady,
whereas the relative abundance of L-hydroxyarginine and serine
increased continuously. The relative abundance changes of proline
and histidine were in an opposite trend, decreasing as the bacterial
cell length increasing. In addition, there were also metabolites,
i.e., ADP-ribose and sorbitol-6-phosphate, with relative abundance
fluctuated during bacterial cell length changing. Their relative
abundance increased in the beginning with the bacterial cell
length increasing and then declined when the bacterial cell length
was larger than 80 um.

L-Hydroxyarginine, gamma-glu-GABA and proline are metabo-
lites involved in the pathway of arginine and proline metabolism.
According to the bacterial pathway knowledge in KEGG, arginine
is an amino acid participating in the synthesis of nitric oxide,
polyamines, and metabolites of the urea cycle [32]. As shown in
Fig. 5d, arginine is the upstream metabolite of L-hydroxyarginine
and nitric oxide. Nitric oxide can assist in resisting ROS damage by
antibiotics [33]. The persistent increasing of L-hydroxyarginine (Fig.
5c¢) can be a sign of the increasing production of nitric oxide for
anti-ROS damage. In polyamine biosynthesis, arginine is consumed
to produce putrescine, which is further converted into gamma-
glu-GABA (Fig. 5d). Gamma-glu-GABA is the upstream metabo-
lite of GABA, and GABA is involved in bacterial quorum sens-
ing, which can initiate the formation of resistant subpopulations
[34] and is closely associated with biofilm development [35]. The
up-regulation of gamma-glu-GABA (Fig. 5¢) can demonstrate the
activation of GABA biosynthesis for increased biofilm development.
In addition, arginine can be transferred to ornithine and further
generate proline (Fig. 5d). Proline is a key respiratory substrate of
pathogenic bacteria [36]. Antibiotics-based sterilization is often ac-
companied with accelerated respiration [37], which can explain the
decline of proline with bacterial filamentation (Fig. 5¢).

Serine and 3-sulfinylpyruvate are metabolites involved in the
pathway of cysteine and methionine metabolism that both in-
creased in abundance during bacterial elongation (Fig. 5c). It was
reported that cysteine and methionine metabolism is enriched in
multi-drug resistant E. coli strains compared to drug-sensitive E.
coli strains [38]. As shown in Fig. 5e, 3-sulfinylpyruvate can be gen-
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erated from L-cysteine through several reactions, and transfer to
pyruvate and sulfite. In sulfur metabolism, sulfite turns to sulfide
and then converts to L-cysteine in the presence of L-serine. This
circular pathway can guarantee cysteine producing continuously.
Cysteine is the precursor to produce a number of antioxidant
metabolites like glutathione and cofactors, which can assist in
resisting ROS damage by antibiotics [39,40]. The up-regulation of
serine and 3-sulfinylpyruvate demonstrated the activation of the
cysteine production, which can benefit AMR of bacteria [41].
ADP-ribose is the initial metabolite in the pathway of purine
metabolism, and involved in the production of adenosine triphos-
phate (ATP). Sorbitol-6-phosphate is involved in glycolysis [42],

which is a vital pathway for energy production [43]. The rela-
tive abundance of ADP-ribose and sorbitol-6-phosphate initially
increased when ESBL-E. coli were stimulated by CEF, and then
decreased when the bacterial cell length reached 80um (Fig. 5c).
Bacterial cells need to produce energy to adjust cell length for
survival while need to reduce the oxidative damage from respi-
ratory effect at the same time, and hence fluctuation of energy
production related metabolites was observed.

The relative abundance of histidine descended obviously during
bacterial filamentation (Fig. 5c¢), in consistent with the result re-
ported about Staphylococcus stimulated by azithromycin [44]. The
down-regulation of histidine indicates the activation of histidine



D. Zhang, Q. Qin and L. Qiao

degradation. Glutamate as the end-product of histidine degrada-
tion is an important amino acid for glutathione synthesis, while
glutathione is an antioxidant to resist ROS damage by antibiotics
[45]. The general down regulation of histidine can hence profit
bacterial AMR via the generation of glutathione.

In summary, we achieved bacterial metabolite detection and
analysis of bacterial metabolic regulation during filamentation
under the stimulus of antibiotics at single-cell level. Heteroge-
neous among bacterial cells with the same antibiotic stimulation
condition was observed from mass spectra as well as from cell
morphology. Eight metabolites, ie., gamma-glu-GABA, proline,
L-hydroxyarginine, serine, 3-sulfinylpyruvate, histidine, ADP-ribose
and sorbitol-6-phosphate were found correlating well with the
bacteria filamentation by antibiotic stimulation. Pathways, in-
cluding arginine and proline metabolism, as well as cysteine
and methionine metabolism were disclosed closely associated
with the bacterial filamentation. Single bacterial cell analysis is
more difficult than single-cell analysis due to the low amount of
intracellular metabolites in a bacterial cell. In this study, metabolic
information obtained by the microprobe ESI-MS is still limited. A
large proportion of metabolites are not detected. The future study
of single bacterial cell analysis should focus on the improvement
of detection sensitivity, such as optimizing lysis method to release
more metabolite, and developing more efficient ionization and ion
transfer methods as well as mass spectrometry techniques with
high sensitivity in metabolites detection.
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